four isomeric products at the N-7 position were found: two Finnish Institute of Occupational Health, Topeliuksenkatu 41aA, diastereomers with β-substitution and two diastereomers with Helsinki, Finland α-substitution in the proportions 53:47 (10). 3 To whom correspondence should be addressed 32 P-Postlabelling is the most sensitive general technique for the detection of DNA adducts (11, 12) . The technique involves Styrene 7,8-oxide, which reacts preferentially at the N-7 transfer of the terminal phosphate group from [γ-32 P]ATP to position of guanine, yielded two pairs of diastereomers 7-the 5Ј-hydroxyl group of a 3Ј-nucleotide mediated by T4 (1Ј-hydroxy-2Ј-phenylethyl)-dGMP (the α-isomer) and 7-polynucleotide kinase and chromatographic separation by TLC (2-hydroxy-2-phenylethyl)-dGMP (the β-isomer) on reacand HPLC of 32 P-postlabelled adducted nucleotides (13, 14) . tion with deoxyguanosine-3Ј-monophosphate (3Ј-dGMP).
32 P-Postlabelling is the most sensitive general technique for the detection of DNA adducts (11, 12) . The technique involves Styrene 7,8-oxide, which reacts preferentially at the N- 7 transfer of the terminal phosphate group from [γ-32 P]ATP to position of guanine, yielded two pairs of diastereomers 7-the 5Ј-hydroxyl group of a 3Ј-nucleotide mediated by T4 (1Ј-hydroxy-2Ј-phenylethyl)-dGMP (the α-isomer) and 7-polynucleotide kinase and chromatographic separation by TLC (2-hydroxy-2-phenylethyl)-dGMP (the β-isomer) on reacand HPLC of 32 P-postlabelled adducted nucleotides (13, 14) . tion with deoxyguanosine-3Ј-monophosphate (3Ј-dGMP).
The development of this technique over the years has enabled The α-and β-isomers were formed in the ratio 32:68. T4 the detection of a variety of adducts using variations of the polynucleotide kinase preferentially mediated labelling of technique (5, 13, (15) (16) (17) . We have earlier described the detection diastereomers corresponding to the β-isomer. The β-diasterof 7-alkylguanine adducts formed by the reaction of different eomers showed a labelling efficiency of 52%, whereas the 1,2-epoxides with DNA using a modified 32 P-postlabelling α-isomers showed a labelling efficiency of 4%. Molecular method (18) (19) (20) . modelling experiments showed intrinsic differences
In our previous study we found the preferential phosphorylabetween the two isomers. The torsion angles of C8-N7-2Ј-tion of diastereomeric C-1 isomers of 7-alkylguanines induced Ar and C8-N7-2Ј-1Ј for the α-isomers were 149. 9°and by butadiene monoepoxide (C-1 refers to the terminal carbon -26.4°, whereas the torsion angles of C-8-N7-1Ј-2Ј and N7-of butadiene monoepoxide) (21). In this communication we 1Ј-2Ј-Ar for the β-isomers were 105.3°and 179.4°. The describe the extension of the 32 P-postlabelling method for the consequent interatomic distance between one of the hydrospecific detection of individual isomeric and diastereomeric gens on the α-carbon and the 3Ј-phosphate group on the forms of SO-induced 7-alkylguanines in nucleotides and sugar residue was 5.3 Å in the α-isomer whereas the closest DNA. The preferential phosphorylation of SO-induced isodistance between the hydrogens attached to the α-carbon meric 7-alkylguanine derivatives is addressed in relation to and 3Ј-phosphate group in the β-isomer was 6.2 Å. This their structural conformation. arrangement probably leads to steric overcrowding at the 3Ј-phosphate group in α-isomers and these are less Materials and methods efficiently phosphorylated than β-isomers. In in vitro styrene oxide-modified salmon testis DNA α-and β-isomers
Introduction
Styrene ranks as one of the high volume organic monomers produced in the world. Occupational exposure in hand lamination work may entail gram quantities daily via inhalation. Styrene also represents an environmental contaminant and in small quantities is present in food items, tobacco smoke and engine exhausts (1, 2) . In humans styrene is metabolized to styrene 7,8-oxide (SO*), which is a direct acting mutagen and carcinogen in experimental animals (2, 3) . Recently increased levels of styrene-O 6 -guanine adducts in hand lamination workers have been reported (4-6), whereas no data are available on the N-7 guanine adducts induced by styrene. Fig. 1 . The numbering of atoms in the individual α-and β-isomers of *Abbreviations: SO, styrene 7,8-oxide; 5Ј-dGMP, 2Ј-deoxyguanosine-5Ј-monophosphate; 3Ј-dGMP, 2Ј-deoxyguanosine-3Ј-monophosphate.
7-alkyl-dGMPs formed by the reaction of SO with 3Ј-dGMP.
module 168 diode array detector. The analysis of 32 P-postlabelled samples the reaction mixture was twice extracted with ethyl acetate (1 vol.) and the was carried out on a Beckman model coupled to Beckman 166 UV and 171 SO-modified DNA was precipitated with cold ethanol. The precipitated DNA radioisotope detectors in series. In the radioisotope detector a 50 µl Teflon was washed with 70% ethanol and redissolved in water. The concentration of tube was used as the flow cell.
DNA was determined spectrophotometrically measuring absorption at 260 and 280 nm. The degreee of alkylation at the N-7 position of guanine was Reaction of 2Ј-deoxyguanosine 5Ј-monophosphate and 2Ј-deoxyguanosine 3Ј-determined by depurinating DNA by boiling at pH 7.0 for 30 min. The DNA monophosphate with SO was ethanol precipitated and 7-alkylguanine adducts were measured by 2Ј-Deoxyguanosine 5Ј-monophosphate (5Ј-dGMP) and 2Ј-deoxyguanosine 3Ј-subjecting the supernatant to HPLC. The peaks corresponding to 7-(1Ј-hydroxymonophosphate (3Ј-dGMP) (3 mg/ml each) were treated with 100 mM SO in 2Ј-phenylethyl)guanine and 7-(2Ј-hydroxy-2Ј-phenylethyl)guanine eluted at 50 mM Tris-HCl, pH 8.0, and 30% methanol and incubated at 37°C for 4 h. 59.5 and 61.7 min respectively. At the end of incubation the reaction mixture was extracted twice with ethyl acetate (1 vol.) and ethyl acetate extracts were discarded. The aqueous phases 32 P-Postlabelling of separated diastereomers of 7-alkyl-3Ј-dGMP adducts were freeze dried and then reconstituted in 100 µl 5 mM ammonium formate formed by the reaction of 3Ј-dGMP and SO buffer, pH 5.3. The reconstituted samples were loaded on strong anion
The three fractions separated by HPLC from the reaction of SO and 3Ј-dGMP exchange cartridges (1 ml; J.T.Baker, The Netherlands) and eluted with 5 mM were phosphorylated with [γ-32 P]ATP in a kinase-mediated reaction as ammonium formate buffer, pH 5.3. The eluents were subjected to HPLC to described earlier (18, 20, 21) . Briefly, 1000 fmol fraction 1 (containing both α-separate individual isomers of 7-alkyl-dGMP adducts of SO. The HPLC and β-isomers) and 500 fmol fractions 2 and 3 were taken for phosphorylation. separation was carried out on a C-18 reverse phase column (Kromasil,
The reaction was carried out in a total volume of 2.0 µl containing, 2 pmol 250ϫ4.5 mm, 5 µm) using 50 mM ammonium formate, pH 4.6, and methanol [γ-32 P]ATP, 40 mM bicine buffer, pH 9.6, 20 mM MgCl, 2 mM spermidine as the mobile phase at a flow rate of 0.7 ml/min. Initial elution was with 10% and 6.0 U T4 polynucleotide kinase. The mixture was incubated at 37°C for methanol in ammonium formate buffer for 10 min. The concentration of 1 h followed by addition of nuclease P1 (2.5 µg) and 1.0 M ammonium methanol was increased to 40% over the next 60 min, followed by an increase formate buffer, pH 4.0 (0.5 µl), to adjust the pH of the reaction mixture to to 100% over 10 min. The methanol concentration was maintained for the 5.5. Incubation was carried out for an additional 15 min. next 5 min and decreased to 10% over the next 10 min. The peaks were detected by UV absorption at 254 nm and characterized by their UV absorption
The postlabelled samples were diluted to 100 µl with water and 20 µl spectra at neutral, acidic and alkaline pH.
aliquots were mixed with synthesized 7-alkyl-5Ј-dGMP isomers as UV In the case of the reaction of 3Ј-dGMP with SO three peaks were separated, markers. These samples were injected into HPLC columns with on-line UV whereas in the case of 5Ј-dGMP two diastereomers of 7-(2Ј-hydroxy-2Ј-and radioisotope detectors. The analysis of phosphorylated adducts was carried phenylethyl)-5Ј-dGMP (β isomer) and two diastereomers of 7-(1Ј-hydroxyout on a Kromasil C-18, 250ϫ2.0 mm, 5 µm column by isocratic elution 2Ј1-phenylethyl)-5Ј-dGMP (α isomer) were separated (for numbering see (flow rate 0.2 ml/min) with 0.2 M ammonium formate, 20 mM o-phosphoric Figure 1 ). The assignment of the collected HPLC fractions was performed by acid, pH 4.6, for 10 min. This was followed by a linear gradient over the boiling individual fractions at pH 7.0 for 30 min and converting 7-alkylnext 10 min to 10% methanol, maintained for 5 min. The methanol concentradGMPs into the corresponding 7-(1Ј-hydroxy-2Ј-phenylethyl)guanine (α-tion was then increased to 30% over 10 min and further to 100% over the isomer) and 7-(2Ј-hydroxy-2-phenylethyl)guanine (β-isomer).
next 10 min.
Reaction of salmon testis DNA with SO
The postlabelled adducts were also analysed by HPLC as nucleoside bisphosphates, when nuclease P 1 treatment was omitted after the T4 polySalmon testis DNA (4 mg/ml) was reacted with 200 mM SO in 50 mM TrisHCl, pH 7.4, and 30% methanol at 37°C for 20 h. At the end of the incubation nucleotide kinase reaction. Ontario, Canada). The computer used was an IBM compatible PC with a 166 MHz Pentium processor. The SO residues were first optimized as to local earlier characterized by UV and mass spectroscopy and 1 H energy minima using molecular mechanical computations with the MMϩ nuclear magnetic resonance (7, 22, 23 ).
force field. The first optimization used was the steepest descent algorithm,
The reaction of SO with 3Ј-dGMP yielded four correspondsubsequently followed by the Polak-Ribiere conjugate gradient optimization.
ing diastereomers. These isomers were separated on HPLC as
The modelling was carried out for the isomeric pairs of 3Ј-and 5Ј-monophosphate adducted nucleotides. After docking the styrene residues to three peaks with retention times of 38.9, 46.2 and 52.4 min 3Ј-and 5Ј-dGMP at the N-7 position the molecules were frozen and the bond respectively ( Figure 2B ). The peak at 38.9 min contained both angles of adducted 3Ј-and 5Ј-dGMPs were computed using the Amber force α-and β-isomers (α 1 and β 1 diastereomers), the peak migrating field and the steepest descent algorithm. A molecular dynamics simulation at 46.2 min corresponded to the β 2 diastereomer of the β-was used for a conformational search to find a low energy conformer. The simulation temperature was 300 K for 50 ps.
isomer and, similarly, the peak with a retention time of 52.4 min corresponded to the α 2 diastereomer of the α-isomer. The Results first peak, depurinated at neutral pH, gave rise to both 7-(2-Synthesis of 7-alkylguanine derivatives by reacting 3Ј-dGMP hydroxy-2Ј-phenylethyl)guanine and 7-(2Ј-hydroxy-2Ј-phenyand 5Ј-dGMP with SO lethyl)guanine (the respective retention times were 59.5 and 61.7 min) in the proportions 31.5:68.5 ( Figure 3A) . DepurinThe reaction of SO with 5Ј-dGMP under aqueous conditions resulted in the formation of two diastereomeric pairs corresation of the second peak resulted in the formation of 7-(2Ј- DNA at neutral pH. The α-and β-isomers of 7-alkylguanine were formed in the ratio 36.9:63.1 ( Figure 3B ). The 7-alkylguanine level in salmon testis DNA treated with SO was found to be 6.6/10 3 normal nucleotides. 32 P-Postlabelling of separated 7-alkyl-3Ј-dGMP isomers 32 P-Postlabelling of the isolated isomers of 7-alkyl-3Ј-dGMP treated with SO was performed in a T4 polynucleotide kinasemediated reaction. The phosphorylated isomers were analysed both as bisphosphate nucleosides as well as 5Ј-monophosphate nucleosides. The β 1 diastereomer migrated with a retention time of 36.5 min as the monophosphate ( Figure 4A ) and 32.9 min as the bisphosphate ( Figure 4B ). The β 1 isomer was the only phosphorylated product detected from the fraction containing both α 1 -and β 1 -isomers. The second diastereomer of the β-isomer (β 2 ) eluted as the 5Ј- converted into the 5Ј-monophosphate by nuclease P 1 treatment, migrated with a retention time of 40.1 min (Figure 4E ), in the hydroxy-2Ј-phenylethyl)guanine (retention time 61.7 min.) and form of the bisphosphate it eluted at 37.2 min ( Figure 4F ). the third peak after depurination was converted into 7-(2Ј-
The labelling efficiencies of individual isomeric and diasterehydroxy-2Ј-phenylethyl)guanine with a retention time of omeric products determined by the analysis of both mono-59.5 min.
and bisphosphates were 52.3 Ϯ 5.2 and 51.2 Ϯ 2.2% for Reaction of SO with DNA the first and second diastereomer of the β-isomer, while the labelling efficiency could be determined only for the second The level of 7-alkylguanine adducts in salmon testis DNA treated with SO was determined by depurination of modified diastereomer of the α-isomer (3.7 Ϯ 1.2%) ( Figure 5 ). In all experiments the β-isomers exhibited~14-fold higher labelling major differences were observed in torsion angles of the α-and β-isomers. These differences were localized to the efficiency than the α-isomer.
orientation of the C-1' and C-2Ј atoms (see the numbering in 32 P-Postlabelling of salmon testis DNA modified by SO Figure 1) . Some of the key torsion angles are given in Table I . A hydrolysate of SO-modified salmon testis DNA, passed
The distances between the styrene residue and the 3Ј-and through a strong anion exchange cartridge, was phosphorylated 5Ј-phosphates were measured and one of the two hydrogens and injected into an HPLC column with and without nuclease attached to the β-carbon in the α-isomer gave distances of 5.3 P 1 treatment. Two major peaks were detected and identified and 4.9 Å respectively. The hydrogen attached to the α-carbon as two diastereomeric β-isomers by their co-migration with 7-in the β-isomer was shown to be the closest atom to the 3Ј-alkyl-5Ј-dGMP isomers used as UV markers. Figure 6 shows or 5Ј-phosphate residues, showing a distance of 6.2 and 7.9 Å β-isomers of 7-alkylguanines detected as monophosphates in respectively. the DNA treated with SO and their co-migration with syntheModelling with DNA sized 7-alkyl-5Ј-dGMP standards. Under the present conditions
In the two DNA-SO covalent complexes investigated in the none of the α-isomers were detected by HPLC with on-line present study, the polynucleotide backbone and glycosidic radioisotope detector in DNA treated in vitro with SO. The conformations after energy refinement are not very different total recovery of phosphorylated 7-alkyl-dGMP adducts of SO from those found in B-DNA (24). One of the interesting from DNA was 13.5 Ϯ 0.3%, the ratio between the first and conformational features of the SO-DNA complexes investithe second diastereomers of the β-isomer being 3:1.
gated is the orientation of the arene residue in relation to the Molecular modelling helical axis of the polynucleotide (Figure 8 ). In addition, no The molecular modelling experiments did not show any disruption of the Watson-Crick hydrogen bonding interaction difference between adducted 3Ј-and 5Ј-monophosphate nor new hydrogen bond formation between the styrene hydroxy nucleotides. After molecular dynamic simulation and congroup and DNA were observed. formation optimization the α and β adducts showed an 8.1%
The conformational features have implications for the relatdifference in potential energies. The potential energy of the ive energies of interactions between various components of the α-isomer was 23.6 kcal/mol and under similar simulation styrene and the mononucleotide. It is seen that the energies are conditions the β-isomer gave a potential energy of 21.7 kcal/ significantly different, favouring the C-1' structure (β-isomer) mol. The results of the calculations are in good agreement by an energy difference of 6.2 kcal/mol. However, the with the experimental observations that the products do not modelling does not reveal whether this factor contributes to the lesser formation of the C-2Ј adducts (α-isomer). show different stability/lability in solution. However, some 
Discussion
reaction of SO with 3Ј-dGMP. The subsequent phosphorylation of isolated isomers showed that the diastereomers correspondStyrene, a possible human carcinogen (3), is metabolized in ing to the β-isomer were phosphorylated with a high efficiency rodents to SO, which is a direct acting mutagen and carcinogen (52%), whereas the α-isomers were phosphorylated poorly in experimental animals. SO in vitro forms predominantly (4%). The differences in phosphorylation efficiencies cannot (~95%) guanine adducts in DNA. In double-stranded DNA Nbe explained on the basis of their relative stability. The half-7-, N 2 -and O 6 -guanine adducts are formed in the proportions lives of the α-isomers are greater (440 min) than those of 74:23:3.7 (8) .
the β-isomers (275 min) (25). The molecular modelling experi-SO is able to react with the nucleophiles through both ments revealed that the potential energies of the two isomers carbons 7 (the α-carbon) and 8 (the β-carbon). Alkylation at were 23.6 (α) and 21.7 kcal/mol (β) respectively. However, the 7-position of guanine is~60% through the β-and 40% the major differences in the two isomers observed were their through the α-carbon in both guanosine and DNA (7, 23) . In torsion angles for Ar-Ar-β-α. The torsion angles of C8-N7-the adducts formed the α-carbon of the styrene residue is 2Ј-Ar and C8-N7-2Ј-1' for the α-isomers were 149.9°and chiral, resulting in the formation of two diastereomeric Ϫ26.4°, whereas the values for the β-isomers were 105.3°and products for each adduct (10,23). Earlier we described the 179.4°for C8-N7-1'-2Ј and N7-1'-2Ј-Ar. The measured atomic synthesis of two diastereomeric α-isomers and two diastereodistance between one of the hydrogens attached to the β-meric β-isomers of 7-alkylguanine adducts in 3Ј-dGMP treated carbon in the α-isomer and the 3Ј-phosphate was 5.3 Å, while with SO (25). These particular 7-alkylguanines seemed to be the closest distance between the hydrogens attached to the α-poor substrates for T4 polynucleotide kinase and the labelling carbon and the 3Ј-phosphate group in the β-isomer was efficiency was very low (9) . measured as 6.2 Å. The corresponding distances in adducted Recent advances in the 32 P-postlabelling protocol (15, 18) , 5Ј-nucleotides were 4.9 and 7.9 Å respectively. Phosphorylation especially concerning the optimization of various parameters at the 5Ј-position of a 3Ј-monophosphate nucleotide can be and enrichment using a strong anion exchange cartridge enabled divided into two separate events. In the first phase the enzyme the successful phosphorylation of 7-alkylguanine DNA adducts is docked to the substrate (3Ј-monophosphate nucleotide) and of SO (20) , but the labelling efficiency was still relatively in the second phase a phosphate group is added and covalently low (~4%). Using the TLC version of 32 P-postlabelling the bound to the 5Ј-position. The modelling does not demonstrate individual isomers of 7-alkylguanine could not be distinwhich event is affected by the adduct. However, the comparison guished. The advent of HPLC with UV and radioisotope of end products shows more crowding upon phosphorylation detectors (18, 21, (26) (27) (28) has enabled more precise qualitative of the 5Ј-position, which probably indicates that the addition analysis of adducts.
of a phosphate group at the 5Ј-position is more affected by In the present communication we report the separation of diastereomeric forms of 7-alkyl-dGMP adducts formed by the the adducted residue at the N-7 position of guanine. This diastereomeric β-isomers. Interestingly, the first diastereomer Table I . Torison angles of α-and β-isomers of 7-alkyl-dGMP (3Ј-and of the β-isomer was more abundant (~3-fold). Whether this is 5Ј-monophosphate derivatives) adducts formed by the reaction of SO with due to the steric conformation of one diastereomer of the β-3Ј-and 5Ј-dGMP isomer favouring reaction with the 7-position in guanine remains unclear. The recovery of 7-alkylguanine adducts in Torsion-angle 3ЈP-α 3ЈP-β 5ЈP-α 5ЈP-β DNA was similar to that described recently for 7-alkylguanine between diastereomers) were found in nucleosides and nucleotide modified in vitro with SO (25,31). β-Isomers of 7-alkylguanine were converted into abasic sites or ring opened arrangement is probably the main factor responsible for the derivatives 1.5-to 2.0-fold faster then α-isomers. Moreover, poorer phosphorylation of the α-isomers. The relative differthe steric conformation of SO 7-alkylguanines may affect ences in labelling efficiencies are higher than those observed in the recognition of adducts by enzymes involved in DNA the isomeric forms of butadiene monoepoxide 7-alkylguanine excision repair. adducts (21).
The ability to detect and quantify individual diastereomeric Another interesting observation was detected in the analysis and isomeric 7-alkylguanines formed by SO should be utilized of SO-modified DNA by HPLC coupled with UV and radioin further studies directed to the effect of diastereomers and isotope detectors. Similarly to the mixture of individual diasterregioisomers on their persistence in DNA, on the extent of eomeric α-and β-isomers of 7-alkyl-3Ј-dGMP derivatives, the only prominent 7-alkylguanine adducts in DNA were the two abasic sites arising, on the rate of imidazole ring opening and
